INTRODUCTION
Retrieving soil moisture (SM) from microwave brightness temperatures in the presence of vegetation has been the subject of much research in the past. Based on extensive field campaigns, L-band (or 1.4 GHz) observations have been found to be best suited for SM retrieval because of their ability to retain sensitivity to surface SM conditions through vegetation compared to higher frequencies. Currently, one combined activelpassive L-band microwave mission called SMAP is being prepared for launch by NASA, and one passive-only mission, SMOS, was launched in November 2009 by ESA. Despite the progress that has been made in the development of global SM retrieval algorithms, accurately correcting for the effects of vegetation scattering and attenuation over a wide range of vegetation canopies remains one of the ongoing challenges.
The current baseline retrieval algorithms for SMOS and candidate retrieval algorithms for SMAP are based on an easily implemented but theoretically simple zero-order radiative transfer (RT) approach. The retrieval model is usually referred to as the tau-omega model, where vegetation effects are parameterized by tau and omega, the vegetation opacity and single-scattering albedo, respectively [1] . In this approximation, scattering is largely ignored and vegetation 978-1-4673-1470-1112/$31.00 ©2012 IEEE
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The George Washington University Washington, DC 20052 USA canopies are generally treated as a bulk attenuating layer. In most studies, the single-scattering albedo is assumed to be zero [2] or independent of time, polarization, and incident angle [3] . This approach essentially places a limit on the density of the vegetation through which SM can be accurately retrieved. In this study, the tau-omega model is modified to more accurately account for vegetation canopy scattering, including multiple scattering. The modified tau-omega model presented in this paper explicitly incorporates multiple-scattering effects into the effective albedo and differs from the original model only in terms of the form of the albedo used. The model was tested against field data taken during an experiment at Alabama A&M Winfield A. Thomas Agricultural Research Station near Huntsville, Alabama in June, 1998 (Fig. 1) . The effects of SM and vegetation water content on the effective albedo are also investigated.
II. A MULTIPLE-SCATTERING EFFECTNE ALBEDO
FORMULATION
In this section, a multiple-scattering formulation for effective albedo will be derived from RT solutions. Fig. 2 shows an illustration of the com canopy model that will be employed here.
The com canopy is modeled as a slab containing a random distribution of dielectric elliptic disk (representing the leaves) and vertical dielectric cylinders (representing the stalks). The interface between the ground and canopy is assumed to be rough.
Almost all SM retrieval algorithms are founded on the same zero-order RT solution (tau-omega model) due to its simplicity, ease of inversion and implementation, and its extensive validation over light to moderate vegetation [4] . The model is given by
where the ambient temperatures of the vegetation layer and the ground are assumed to be same, Rg p (9) is the microwave surface reflectivity, Y p (9) is the vegetation transmissivity which is parameterized as Y p (9) = exp (-T p sec 9) where T p is the vegetation opacity or optical thickness and e is the incidence angle.
The quantity w p (9) = ICs p j(ICa p + ICs p )
denotes the single-scattering albedo and the fractional power scattered from vegetation constituents, where ICs p is the scattering coefficient of the layer while ICa p represents total absorption coefficient [5] . The polarization p can be horizontal (h) or vertical (v). In this model, scattering is largely ignored since the model represents the solution to the non-scattering RT equations.
In the case of a dense vegetation (i.e. forest, mature corn, etc.), the scattering from large vegetation components is significant. Higher-order multiple-scattering RT solutions are required for proper representation of scattering within vegetation [6] [7] [8] . By iteration of RT equations with the method of successive orders of scattering [8] , an Nth-order RT solution can written as:
where n�n) (0) represents the nth-order multiple-scattering contribution to the zero-order solution. More explicitly, eq. (2) reads
from the last two terms in (3) leads to the following "tau omega like" equation: This effective scattering albedo is reduced compared to the single-scattering albedo due to inclusion of multiple-scattering as seen from the second term of (4.b). Another important observation is the similarity between (1) and (4) such that the definition of tau is the same in both forms (the same for any order-solutions), meaning that the tau values preserve the physical description.
The effective albedo formulation given in (4.b) requires calculation of multiple-scattering contributions, L�=ln�n)(O).
There are a number of approaches that can be used to calculate the multiple-scattering. This includes combining scattering contributions through exact numerical solutions [5] , a matrix doubling algorithm [6] , and iterative methods [5, 8] i.e.,
L�=ln�n)(O) = e�N)(O) -e�O)(O). Note that Eq. (4.b)
reduces to the effective albedo formula employed by Kurum et at. [9, eq. (6) ] when only single-scattering is taken into account.
In this study, the first-order scattering will be considered [8] . Before evaluation of the effective albedo formulation against the Huntsville'98 field experiment data, a brief description of the experiment and microwave system will be provided next.
III. HUNTSVILLE'98 FIELD EXPERIMENT
The Huntsville 1998 field experiment (Hsv98) was conducted near Huntsville, AL from June 15-28, 1998, with the objective of simultaneously measuring SM using passive and active microwave sensors and in situ instruments [10] . The research testbed, which is nearly level, is located at Alabama A&M University's Winfred Thomas Agricultural Experiment Station, 20 km north of Huntsville. As seen in Fig. I , the microwave data were collected by tower-mounted active/passive instruments (operated on separate platforms) over com canopies. Ground truth data, such as precipitation and in situ soil temperatures/moistures at several depths, were recorded at regular intervals, coincident with the microwave observations for comparison and modeling purposes.
A. Instrumentation
The microwave passive sensor system used in this study is called S-band (2.65 GHz) and L-band (1.413 GHz) Microwave Radiometer (SLMR) [11] . Each rnicrostrip patch antenna is configured as a 4 x 4 phased array providing 20° of beamwidth with a main beam efficiency of 97 %. The antenna and receiver are packaged together in a thermally controlled enclosure. External calibration of the radiometers is achieved using cold sky and ambient microwave absorber targets frequently throughout the day.
Measurements were also made previously over water to verify the linearity of the response in each instrument. The absolute accuracy and the sensitivity of the instruments are estimated to be ±2 K and ±0.1 K, respectively.
B. Experimen t Set-u p
The SLMR system was deployed over six 30 m x 50 m plots: one without vegetation, one with a fescue cover, and four with corn. In normal operation, radiometer data were acquired at a look angle of 15° from nadir and at a nominal height of 14 m. The aggregate size of the sampling footprint was about 25 m 2 •
The radiometers were mounted to observe horizontal polarization.
C. Site Chracteristics
The corn was planted with a row spacing of 50 cm and average interplant spacing of 21 cm along the row. It was approximately 110 cm tall at the beginning of the experiment and grew to about 190 cm by the conclusion. One day before the experiment, individual corn plants were harvested at ground level from three of the four corn plots to produce plots with plant densities of one-third (Cl), one-half (C2), and two-thirds (C3) of full density (C4). Detailed vegetation architecture measurements were collected and average vegetation parameters are provided in Table 1 .
Surface soil texture of the testbed is clay loam to silt loam with about 10% sand and 25% clay content. The total organic matter content in the upper 15 cm is less than 2%. Soil bulk density was determined from core samples collected at several soil profile depths; these values rage from approximately 1.35 g cm' near surface to 1.55 g cm, 3 at 60 cm depth. Soil surface was relatively smooth, where rms height of I cm is assumed.
Soil temperatures/moistures at several depths were made in situ adjacent to the microwave footprints. At the beginning of the field experiment, the upper soil layer was quite dry. In order to sample much wetter conditions, irrigation was applied to all plots on June 15. The driest conditions occurred just before the June 25 rainfall when near surface moisture content on all plots was slightly lower than at the beginning of the experiment. V.
CONCLUSION
This study showed that the tau-omega model with effective albedo that replaces the single-scattering albedo can be applied to dense vegetation (with large scatterers) to retrieve SM. This modified tau-omega explicitly incorporates multiple-scattering effects into the effective albedo and differs from the original model only in terms of the form of the albedo used. In addition, the modified model has the same vegetation opacity as in the original model. This implies that the tau-omega model can be used to retrieve vegetation opacity as well, as long as effective albedo is parameterized as described in (4.b). Finally, the effective albedo is shown to be SM dependent and varies over 0.05 -0.10 for horizontal polarization and over 0.10 -0.15 for vertical polarization. 
